The technique of 5′-rapid amplification of cDNA ends (5′-RACE) is widely used to ampli-
INTRODUCTION
Monoclonal antibodies (MAbs) are clinically useful for the diagnosis and treatment of various diseases. Some neutralizing MAbs have already been developed, such as anti-severe acute respiratory syndrome (SARS) (1), anti-human immunodeficiency virus (HIV) (2, 3) , and anti-hepatitis C virus antibodies (4), and they are expected to be used as potential antibody-based therapeutics. To produce human MAbs, mouse MAbs have been prepared using the hybridoma technique (5, 6) and thereafter have been humanized using genetic technology. In order to efficiently produce human MAbs, we have recently attempted to determine human immoglobulin (Ig) variable genes directly from single antigenspecific B cells using the reverse transcription PCR (RT-PCR) method. Although several studies (7) (8) (9) (10) (11) (12) have reported the successful characterization of Ig variable genes using RT-PCR from a single B cell, conventional methods can only amplify 40-50 different Ig variable genes, a limitation that is due to the set of the designed primers employed. Therefore, this method is inappropriate if the targeted Ig variable gene is incompatible with the designed primers. In this respect, 5′-rapid amplification of cDNA ends (5′-RACE) (13) may overcome this problem because a common primer could be used as a 5′-primer. However, conventional 5′-RACE is not suitable for the isolation of genes from single cells because the amount of the cDNA product derived from a single cell is extremely low and it may therefore be lost during the complex steps of the purification procedures for 5′-RACE.
To overcome this problem, we have developed a novel method called single-cell 5′-RACE. In this method, first-strand cDNA is synthesized directly from a single cell and a 3′-tailing reaction is performed without removing any residual dNTPs. In the same tube, a second-strand cDNA is synthesized with an adaptor designed to suppress nonspecific products by panhandle formation during PCR (14) (15) (16) (17) (18) . Here we present our findings regarding the successful application of single-cell 5′-RACE to amplify the Ig variable genes from human single B cells. Our novel method will be useful for the characterization of any genes from single cells in both humans and animals.
MATERIALS AND METHODS

Tailing Reaction Test
To examine the 3′-tailing efficiency, 3′-tailing of a primer oligonucleotide (Cm-1st; all oligonucleotide primer sequences are shown in Table 1 ) was performed with 5 U terminal deoxynucleotidyl-transferase (Invitrogen, Carsbad, CA, USA) in the presence of 1.25 mM dATP, dTTP, dGTP, or dCTP in a 10-μL reaction mixture containing 25 pmol Cm-1st primer, 10 mM MgCl 2 , 1 mM dithiothreitol (DTT), and 10 mM Tris-HCl, pH 7.5, for 1 h at 37°C. Then, the preheated products were analyzed on 15% polyacrylamide gel with 7 M urea.
B Cell Preparation
Human peripheral blood lymphocytes were prepared from 10 mL of heparinized peripheral blood from a healthy donor by centrifugation at 400× g on a Ficoll-Hypaque gradient (19) . Human B cells were isolated by removing non-B cells from lymphocytes by automated magnetic cell sorting (Miltenyi Biotec, Bergisch Gladbach, Germany) using CD2, CD14, CD16, and glycophorin A microbeads (all from Miltenyi Biotec), according to the manufacturer's instructions. 
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(Eppendorf, Hamburg, Germany) and then transferred to the tubes containing the reverse transcription solution. Both cell lysis and reverse transcription were carried out with 40 U SuperScript™ III (Invitrogen) using 0.25 pmol each Cm-RT, Cg-RT, Cl-RT, and Ck-RT primers in 2.5 μL reaction mixture containing 2 U RNaseOUT™ (Invitrogen), 0.5 mM each dNTP, 1.5 mM MgCl 2 , 37.5 mM KCl, 10 mM DTT, 0.25% Nonidet™ P-40 (NP40), and 0.1 mg/mL bovine serum albumin (BSA) in 25 mM TrisHCl, pH 8.3, for 1 h at 55°C. The 3′-tailing of cDNA was performed by adding to the reverse transcription reaction 1 μL 10× tailing reaction reagents containing 100 mM MgCl 2 , 10 mM DTT, 100 mM Tris-HCl, pH 7.5, and 20 mM dGTP, followed by 7.5 U terminal deoxynucleotidyl-transferase and water to 10 μL. The reaction was kept for 1 h at 37°C. Next, total dGTP-tailed cDNA was used without purification as a template for secondstrand cDNA synthesis. Second-strand synthesis was carried out with 1.25 U LA Taq™ (Takara, Tokyo, Japan) and 25 pmol oligo(dC) adaptor in a 50-μL reaction mixture containing 0.2 mM each dNTP in 1× GC Buffer II (Takara): 1 cycle of denaturation at 94°C for 3 min, followed by 23 cycles of denaturation for 30 s at 94°C, annealing for 30 s at 60°C, and elongation for 3 min at 72°C. Five microliters of the cDNA were then used as a first PCR template with adaptor primer 1 (AP1) and either Cm-1st and Cg-1st for the amplification from the Ig heavy chain or Cl-1st and Ck-1st from the light chain, followed by nested PCR using adaptor primer 2 (AP2) and either Cm-nest or Cg-nest for the amplification from the heavy chain or Cl-nest and Ck-nest from the light chain to enhance the specificity. The amplification of each product was carried out using LA Taq according to the manufacturer's instructions: 1 cycle of denaturation at 94°C for 3 min, followed by 25-30 cycles of denaturation for 20 s at 94°C, annealing for 20 s at 60°C, and elongation for 1 min 30 s at 72°C. The PCR product was then analyzed using a Cm-nest, Cg-nest, Cl-nest, or Ck-nest primer by either direct sequencing or sequencing after conventional subcloning into pT7Blue (Novagen, San Diego, CA, USA).
RESULTS AND DISCUSSION
To amplify cDNA from a single cell with 5′-RACE, we developed a novel, single-cell 5′-RACE procedure as illustrated in Figure 1 . For the reverse transcription of the target mRNA from a single cell, a gene-specific primer was used for the first-strand cDNA synthesis. At the step of the 3′-tailing reaction, instead of purifying the first-strand cDNA to remove the residual dNTPs and tailing the cDNA with a single target base, we directly added a 16-fold excess of a base, in this case dGTP, to the first-strand cDNA samples in order to tail them with G base. We used dGTP because the efficiency of tailing with dGTP was found to be higher than that with dATP, dTTP, or dCTP ( Figure   2A ). After the tailing reaction, the second-strand cDNA was synthesized with an oligo(dC) adaptor that was designed to suppress the amplification of nonspecific PCR products by the formation of a panhandle-like structure (14) (15) (16) (17) (18) . The cDNA was then amplified by an initial round of PCR using a primer annealing within the adaptor sequence (AP1) and a genespecific primer (GSP1) and by nested PCR using AP2 and GSP2 primers.
As a model system, we performed single B cell 5′-RACE on transcripts containing immunoglobulin M (IgM) or immunoglobulin G (IgG) variable regions. Human B cells were separated as described here, and single B cells were picked up by a micromanipulator and then transferred to the tubes containing the reverse transcription Figure 1 . Representation of single-cell 5′-RACE. The dotted line indicates messenger RNA (mRNA); the black arrow indicates first-strand cDNA produced in the reverse transcription step; the gray arrow indicates cDNA products in the second-strand cDNA synthesis, first PCR, or nested PCR step. The arrowheads indicate primers. GSP-RT, GSP1, and GSP2 refer to immunoglobulin-constant region primer for reverse transcription, first PCR, and nested PCR, respectively. AP1 and AP2 refer to adaptor primer for first PCR and nested PCR, respectively. CCCC-box indicates oligo(dC) adaptor. Oligo(dC) adaptor was designed to suppress the amplification of nonspecific PCR products possessing oligo(dC) adaptor on both ends by forming a panhandle-like structure through the GC-rich region in the adaptor molecule (14-18). This structure is more stable than the primer-template hybrid and therefore suppresses exponential amplification of nonspecific products. 5′-RACE, 5′-rapid amplification of cDNA ends; RT, reverse transcription; GSP, gene-specific primer. solution. In the reverse transcription of Ig transcripts from single B cells, an Ig constant region primer mixture was used for the first-strand cDNA synthesis as previously reported (8) (9) (10) 12) . Next, 3′-tailing with dGTP, second-strand cDNA synthesis, first PCR, and nested PCR were performed.
The PCR products were analyzed on 1.5% agarose gel. Figure 2B shows results for one experiment; in this case, eight cells revealed bands corresponding to PCR products for both variable gene segment of immunoglobulin heavy chain and variable gene segment of immunoglobulin light chain (V H and V L , respectively; lanes 2, 6, 8-11, 14, and 16). Sequencing and subsequent analysis of these PCR products by the IMGT V Quest tool (http://imgt. cines.fr:8104/home.html) showed the 5′-untranslated region, the initiation codon, leader sequence, c o m p l e m e n t a r i t y -d e t e r m i n i n g region, and key amino acids. In Figure 2C , a sample electropherogram (corresponding to DNA amplified in lane 8 of Figure 2B ) is shown for sequencing of the light chain. Figure 2D shows the entirety of the sequence derived for the heavy chain, demonstrating that single-cell 5′-RACE could produce a nearly fulllength Ig variable region cDNA. In total, four separate experiments were performed, and 43 cells were analyzed (Table 2) . Of these, 23 (54%) and 28 (65%) PCR products of V H and V L , respectively, were amplified. Both V H and V L were amplified from 19 (44%) single B cells. Sequencing analysis (available online as Supplementary  Table S1 at www.BioTechniques. com) was performed on 32 PCR products. The results suggested that some V families are preferentially used, although the number of samples analyzed was not enough to evaluate them statistically. For the 14 cells in which heavy chain PCR products were analyzed, μ chain was detected in 13 cells and γ chain in one cell (data not shown). For the 18 cells in which light chain PCR products were analyzed, λ chain cDNA was obtained from 5 cells and κ chain from 13 cells (data not shown). There were no single B cells from which both μ and γ, or λ and κ chain cDNA were amplified. Smaller bands such as those observed in lanes 6, 8, and 9 of V H in Figure 2B represented the partial-length cDNA of V H that showed the same sequence as larger bands (the full-length cDNA of V H ) when confirmed by cloning and sequencing (data not shown). Nucleotide errors can be introduced during the PCR amplification, and it is difficult to distinguish nucleotide errors of PCR and somatic hypermutations in the Ig variable region. To avoid introducing errors by PCR, the obtained products were directly sequenced. For the most part, sequence traces revealed clearly identifiable dominant peaks, presumably corresponding to the correct sequence. However, a part of the direct sequence analysis was incomplete in cases in which the PCR amplification produced partial-length products as well as fulllength products (e.g., PCR products of lanes 6, 8, and 9 of V H in Figure 2B ). In such cases, two peaks of different sequences overlapped. These products were subcloned, and more than 10 subclones were sequenced for each. Then, the alignment was performed, and a correct nucleotide sequence was determined. 
Bolded underline indicates GC-rich region. Nucleotides in parentheses indicate mixed bases at that position. N.A., not applicable. Our single-cell 5′-RACE procedure could amplify Ig cDNA from more than 50% of all single B cells. Because the RT-PCR protocol could also amplify Ig cDNA from about 50% of the single B cells (data not shown) (11) , the efficiency of singlecell 5′-RACE was comparable to single-cell RT-PCR. However, using single-cell 5′-RACE, we amplified Ig cDNA in which the sequence was not compatible with our designed RT-PCR primers and therefore could not be amplified by RT-PCR (data not shown). This indicates that 5′-RACE is a more useful and powerful method to amplify and analyze cDNA in which the 5′ sequence shows much variation, such as Ig and T-cell receptor (TCR) genes (20) (21) (22) , or the cDNA of the alternatively spliced genes (23, 24) .
McHeyzer-Williams et al. (25) used RT-PCR to amplify Ig cDNA to analyze the repertoire of antigenspecific antibodies produced upon immunization of mice with the hapten, (4-hydroxy-3-nitrophenyl)acetyl. Because single-cell 5′-RACE produces an Ig variable region cDNA containing a 5′-untranslated region and an initiation codon, our method is also very useful to isolate the antigen-specific antibody from single antigen-specific B cells. In addition, it can also be applicable for Ig genes from any kind of animal, as long as the sequence data of its constant region are available. Furthermore, our method may be especially applicable to studying the TCR repertoire of antigen-specific T cells. The TCR gene has more variable regions than the Ig gene, thus making primer design more difficult (26, 27) . Finally, the method is not limited to immunological research, and should be generally applicable for characterizing transcripts of any kind from single cells.
